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Abstract 
FeSe0.5Te0.5 thin films were grown by pulsed laser deposition on CaF2, LaAlO3 and MgO 
substrates and structurally and electro-magnetically characterized in order to study the influence of the 
substrate on their transport properties. The in-plane lattice mismatch between FeSe0.5Te0.5 bulk and the 
substrates shows no influence on the lattice parameters of the films, whereas the type of substrates 
affects the crystalline quality of the films and, therefore, the superconducting properties. The film on 
MgO showed an extra peak in the angular dependence of critical current density Jc(θ) at θ = 180° (H || 
c), which arises from c-axis defects as confirmed by transmission electron microscopy. In contrast, no 
Jc(θ) peaks for H || c were observed in films on CaF2 and LaAlO3. Jc(θ) can be scaled successfully for 
both films without c-axis correlated defects by the anisotropic Ginzburg-Landau (AGL) approach with 
appropriate anisotropy ratio γJ. The scaling parameter γJ is decreasing with decreasing temperature, 
which is different from what we observed in FeSe0.5Te0.5 films on Fe-buffered MgO substrates. 
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1. Introduction 
After the discovery of superconductivity at 26 K in the iron oxypnictide, LaFeAs(O,F) 
[1], extensive research on iron-based superconductors has been carried out. The novel 
iron-based superconductors are categorized mainly in four systems with different crystal 
structures: “1111” [REFeAs(O,F), (RE: rare earth elements)] [1], “122” [AEFe2As2, (AE: 
alkaline earth elements)] [2], “111” (LiFeAs) [3] and “11” (Fe-chalcogenides) [4]. FeSe as a 
member of the 11 family has a superconducting transition temperature (Tc) of around 8 K, 
which can be enhanced up to 37 K with the application of external pressure [5, 6]. The partial 
substitution of Se by Te also leads to an enhancement of Tc to 14 K [7]. Due to its simple 
crystal structure and the less toxic nature, the iron chalcogenides are considered to be suitable 
for exploring the mechanism of superconductivity as well as for applications. Compared to 
single crystals, thin films are suitable for investigating transport properties and 
superconducting electronics applications thanks to their geometry. Fe(Se,Te) films have 
already been grown on various substrates [8-14], applying different lattice or thermal 
expansion mismatch between films and substrates. However, the role of the substrate for the 
superconducting properties is still not clear. The maximum Tc of 21 K has been obtained by 
Bellingeri et al. for films deposited on LaAlO3 (LAO) substrates [8], which they attributed to 
the compressive strain due to the growth mode. On the other hand, Imai et al. showed that the 
superconducting properties are not well correlated to the lattice mismatch of the substrates but 
rather connected to the cell constants of the films [9, 10]. Furthermore, films on SrTiO3 show 
a peak in the angular dependence of Jc for H || c [11-13]. Similar c-axis peaks in Jc(θ) have 
been observed for films deposited on CaF2 substrate [14]. However, no additional peaks have 
been observed in FeSe0.5Te0.5 films on LAO [11] and Fe-buffered MgO substrates [15-16]. In 
this work, FeSe0.5Te0.5 thin films were deposited on CaF2, LAO and MgO single crystalline 
substrates in order to further elucidate the role of the substrate for the superconducting 
properties.  
2. Experiment details 
FeSe0.5Te0.5 films were prepared on CaF2 (a / 2 = 0.386 nm), LAO ( a = 0.379 nm) and 
MgO (a = 0.4212 nm) (001)-oriented cubic single crystalline substrates by pulsed laser 
deposition (PLD) with a KrF excimer laser (wavelength: 248 nm, repetition rate: 7 Hz) under 
ultrahigh vacuum (UHV) conditions with a background pressure of 10-9 mbar [15-16]. The 
substrate temperature was fixed to 400℃ during deposition.  
Structural properties of the films were investigated by x-ray diffraction (XRD) in θ-2θ 
geometry at a Bruker D8 Advance with Co-Kα radiation and at a texture goniometer Phillips 
X’pert with Cu-Kα radiation. The c lattice parameters were calculated from θ-2θ scans using 
the Nelson Riley function. The lattice parameters a were derived from reciprocal space maps 
measured in a Panalytical X'pert Pro system. Transmission electron microscope (TEM) 
investigations of the films have been performed on a JEOL JEM-2100F microscope. The film 
thicknesses were determined from cross-sectional views, for which the films were cut by a 
focused ion beam technique (FEI Helios 600i) and estimated to be 140 nm, 180 nm and 250 
nm for the film on MgO, CaF2 and LAO, respectively. 
For transport measurements, microbridges of 100 m width and 4.1 mm length were 
fabricated by ion beam etching after a photolithographic process. Silver paint was employed 
for electrical contacts. Electrical transport properties were measured in a Physical Property 
Measurement System [(PPMS) Quantum Design] by a standard four-probe method. The upper 
critical field Hc2 was defined with a criterion of 90% of the normal state resistance Rn = R(22 
K), the irreversibility field Hirr was defined with a criterion of 1% Rn. Jc was defined with a 
criterion of 1μV cm-1. In the angular dependent Jc measurements, the magnetic field H was 
applied in maximum Lorentz force configuration (H  J, where J is the current density) at an 
angle θ from the c axis.  
3. Results and discussion 
Figure 1 summarizes the structural characterization of the prepared samples by XRD. In 
figure 1 (a), only sharp 00l peaks of the FeSe0.5Te0.5 films and the respective substrates are 
present with exception of a minute unidentified peak for the film on LAO, indicating a high 
phase purity with c-axis alignment of the films. The (001) rocking curves of the three films, 
figure 1 (b), show a similar out-of-plane orientation spread of around 0.8° full width at half 
maximum, FWHM. The rocking curves show a slight asymmetry, especially for LAO and 
MgO, which indicates mosaicity and the incorporation of grain boundary (GB) networks. The
φ -scans of the 101 reflection, figure 1 (c), show fourfold symmetry with peaks at every 90°, 
indicating that the films are epitaxially grown with a cube-on-cube relationship towards the 
substrates in case of LAO and MgO. The film on CaF2 also has four-fold symmetry; however, 
the basal plane of the FeSe0.5Te0.5 film is rotated by 45° with respect to the substrate. The 
respective average FWHM of theφ -scan peaks (i.e., 4 peaks) are 0.56° and 0.75° for the film 
on CaF2 and LAO. The largest value of φ = 2.35° is observed for the film deposited on MgO. 
These results indicate that the crystalline quality of the film deposited on MgO is inferior to 
the other films. The larger lattice mismatch between the film and MgO substrate might be the 
reason for the poorer crystallinity.  
The lattice parameters of the films are summarized in table I. The lattice constants c and 
a of all films are smaller than those of FeSe0.5Te0.5 single crystals (a = 0.3801 nm, c = 0.6034 
nm) [7], but in agreement with the reported values for thin films [17-20]. The film grown on 
CaF2 has the largest c value and the smallest a value, which might originate from a difference 
in thermal expansion coefficient between the substrate and superconducting layer. In general, 
there is no clear correlation between the lattice parameters of the films and those of the 
substrates. In particular, the a-axis length for the LAO and MgO substrates are 0.379 nm and 
0.4212 nm, respectively, whereas the a-axis parameter of the grown films is almost identical, 
indicating that the lattice constants a of the films are not correlated to the in-plane lattice 
parameters of the substrates (Table I). 
The cross-sectional TEM images for the FeSe0.5Te0.5 thin films are shown in figure 2. A 
bright area with 5 nm in width is observed at the interface between the CaF2 substrate and the 
superconducting film [figure 2 (a)], similar to observations in Ref. [21]. This is presumably a 
reaction layer between film and substrate. In comparison, the film-substrate interface is 
smooth and clean for the layers on LAO and MgO [figure 2 (b) and 2 (c)]. For the film on 
CaF2, no granular structure or large extended defects are observed throughout the whole film. 
However, the lattice seems to be disturbed in small regions [figure 2 (d)]. Inside the film on 
LAO, on the other hand, dark islands (probably small grains) disperse and modulate the 
structure, figure 2 (e). In stark contracts to these two films, defects parallel to the c axis are 
found in the film on MgO, shown in figure 2 (c). Additionally, areas of different intensity 
appeare in the film, indicating a slight crystal distortion or crystal rotation shown in figure 2 
(f). 
The value of Tc is not related to the films' lattice constant, but rather to the type of 
substrates and the crystallinity of films. Even though the films on LAO and MgO show the 
same a-axis parameter, their resistive Tc values differ considerably, figure 3. The lowest Tc of 
16.3 K is measured for the film on MgO with extended defects and the poorest degree of 
texture. The Tc of the film on LAO is 18.0 K, which is 1.7 K higher. The film on CaF2, 
showing the best crystalline quality with ω ~ 0.8° and φ ~ 0.56°, exhibits the highest Tc 
(19.1 K), which is about 5 K higher than the bulk value [7]. The epitaxial compressive strain 
induced by the CaF2 substrate due to thermal misfit might be crucial for such a high Tc value 
[22].  
The superconducting transition shifts to lower temperatures in applied magnetic fields, 
as exhibited in the inset of figure 3 for the film on CaF2 for H || ab. The decrease of the 
transition is less than 1 K even for a field of 9 T, indicating high upper critical fields Hc2 at 
low temperatures. Figure 4 shows Hc2 and Hirr for all films as a function of the reduced 
temperature t = T/Tc for fields parallel and perpendicular to the c axis. All films have a high 
slope near Tc, with
CT
c
dT
Hd 20 ranging from 8.6 to 13.3 T/K for H || c. The three films have a 
similar Hc2 slope for magnetic fields perpendicular to c axis of around 36 T/K. According to 
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spacing (c/2), and 2D effects, such as intrinsic pinning, are not expected.  
The magnetic field dependencies of Jc are compared at a reduced temperature t = 0.5, 
shown in figure 5. The Jc values for H || ab are always higher than those for H || c. Again, the 
film on CaF2 exhibits the highest Jc values in both crystallographic directions. A Jc as high as  
105 A/cm2 at 9 T (H || ab) was measured, which is comparable to the values reported in Refs. 
[21, 23]. The film on MgO has the lowest Jc value, presumably due to the poor crystalline 
quality.  
The angular dependence of Jc of all films in various magnetic field strengths, shown for 
4 K in figure 6, exhibit a broad maximum positioned at θ = 90° owing to the mass anisotropy 
of the material. For the films on LAO and CaF2, no additional peaks at θ = 180° were 
observed in the whole range of magnetic fields and temperatures. In the case of the film 
grown on MgO, an additional peak at θ = 180° (i.e. c-axis peak) is visible for all magnetic 
fields, as displayed in the inset of figure 6(c). This peak is related to correlated defects 
confirmed by TEM acting as effective pinning centers parallel to the c-axis [11-14].  
Jc can be scaled with an effective magnetic field Heff, [  HH eff ,
 2
22
sincos

 J ], where γJ is the scaling parameter and related to the mass 
anisotropy ratio [25-29]. The scaling behavior of Jc as a function of Heff at various 
temperatures is shown for the films on CaF2 and LAO in figure 7. All data except for those in 
the vicinity of H || ab collapse onto the experimental curves Jc (H || c) with γJ values between 
2 and 3. γJ shows the same temperature dependence as the upper critical field anisotropy γHc2 
of films and single crystals [30]. According to the two band theory [31], the existence of 
impurities, causing strong intraband scattering and negligible interband scattering, results in 
the decrease of γHc2 with decreasing temperature. The strong increase of γHc2 for T close to Tc 
is presumably caused by the negative curvature of Hc2
ab due to the paramagnetic limitation, as 
determined for single crystals [32]. γJ shifts to larger values compared with γHc2 due to the 
presence of strong pinning centers, a similar observation as in cuprates [33], where γJ is 
lowered by extended isotropic defects. In contrast to the films of this study, γJ of films on 
Fe-buffered MgO with a much shorter coherence length ξc [16], follows the trend and 
magnitude of the penetration depth anisotropy γλ instead. It is difficult and not reasonable to 
scale Jc of the film on bare MgO, due to the extra c-axis peak in Jc related to the line defects 
as confirmed by TEM images. 
4. Conclusions 
FeSe0.5Te0.5 thin films were deposited on a variety of substrates by PLD. A systematic 
study of the substrate dependence on the superconducting properties of the films has been 
carried out. The lattice parameters of the films are not related to the lattice misfit between the 
substrates and films. Although both lattice parameters a and c are comparable for the films on 
MgO and LAO, the Tc is about 2 K lower for the film on MgO compared to the one on LAO. 
The crystalline quality and epitaxy of the films may play a critical role for the 
superconducting properties. A c-axis Jc peak was observed for the film deposited on MgO 
substrate due to the line defects parallel to c axis found by TEM investigations. Jc(θ) of the 
films on CaF2 and LAO were scaled using the anisotropic Ginzburg-Landau approach with 
appropriate scaling parameters γJ. γJ is decreasing with decreasing temperature, which is 
attributed to multi-band superconductivity.  
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 Table I Structural and superconducting properties of the films on different substrates 
 
Substrate 
asub 
(nm) 
△
ω  
(°) 
△
φ   
(°) 
c  
(nm) 
a  
(nm) 
c/a 
Thickness 
(nm) 
Tc  
(K)   
CT
c
c
dT
Hd 20   
(T K-1) 
ξc 
(nm) 
 CaF2 0.386 0.80 0.56 0.597 0.374 1.596 180 19.1 13.2 0.50 
LAO 0.379 0.70 0.75 0.592 0.377 1.570 250 18.0 8.6 0.42 
MgO 0.421 0.85 2.35 0.595 0.377 1.578 140 16.3 13.3 0.53 
 
  
Figure Captions 
Figure 1. Structural properties of FeSe0.5Te0.5 films deposited on CaF2, LAO and MgO 
substrates. (a) θ/2θ scan. The asterisk represent an unidentified peak. (b) Rocking curve for 
the (001) reflection of the films. (c)φ  scans using (101) reflection. 
 
Figure 2. Cross-sectional TEM images of (a)-(c) the interface between FeSe0.5Te0.5 thin film 
and substrate and (d)-(f) films on CaF2, LAO and MgO substrates. 
 
Figure 3. Resistive superconducting transition of the films on different substrates in zero 
magnetic field. The inset shows the resistive transitions of the film on CaF2 measured in 
magnetic fields up to 9 T for H || ab. 
 
Figure 4. The upper critical fields Hc2 and irreversibility field Hirr as a function of the reduced 
temperature T/Tc for field parallel and perpendicular to the c axis. 
 
Figure 5. Magnetic field dependence of critical current density at T/Tc = 0.5 for (a) H || c and 
(b) H || ab. 
 
Figure 6. Angular dependence of the critical current density measured at 4 K in various 
magnetic field strengths for the films on (a) CaF2, (b) LAO and (c) MgO substrates. The inset 
for the film on MgO shows the enlarged view in the angular range from 120° to 220°. 
 
Figure 7. The scaling behavior of Jc(θ) as a function of Heff at various temperatures for thin 
films on (a) CaF2 and (b) LAO. The solid lines represent the measured Jc(H || c) values. (c) 
Temperature dependence of the anisotropy ratio γJ obtained by the AGL scaling. γJ values for 
a FeSe0.5Te0.5 thin film on Fe-buffered MgO substrate (Ref. [16]) and the Hc2 anisotropy 
parameter γHc2 for FeSe0.5Te0.5 single crystal (Ref. [30]) are also plotted for comparison.  
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